The pathogenesis of chemotherapy-induced neuropathy, a dose-dependent adverse effect of cisplatin, involves mitochondrial dysfunction. PTEN-induced putative kinase 1 (PINK1)/Parkin-mediated mitophagy removes damaged mitochondria under various pathological conditions. The objective of this study was to determine mitophagy status and its effects on mitochondrial function and neuronal cell damage after cisplatin treatment using an in vitro model of cisplatin-induced neurotoxicity.
Background
Cisplatin is a platinum-based chemotherapeutic agent for solid cancers (e.g., lung, bladder, and ovarian cancers). Oncological treatment with cisplatin can lead to chemotherapy-induced peripheral neuropathy (CIPN), a dose-limiting adverse effect. As a result, 20% of patients must discontinue anticancer therapy [1, 2] . Furthermore, patients often have incomplete recovery from CIPN, and neurotoxic symptoms may persist for several months or even years after treatment cessation, and progressively worsen over time [3, 4] . Consequently, patients may be cancer-free but suffer from functional disruptions and chronic pain evoked by cisplatin treatment.
The mechanism of cisplatin-induced CIPN remains elusive, although it likely involves direct effects on sensory neuron viability as well as mitochondria-specific consequences. Mitochondria provide energy to neurons and preserve several inter-related pathways for cellular processes, including the apoptotic signaling pathways [5] and reactive oxygen species (ROS) generation [6] . Mitochondria are the primary and early targets in cisplatin-induced neurotoxicity [7] . Morphological changes [8] and dysfunction of mitochondria, including insufficient ATP production, increased ROS production [9] , and potential membrane collapse [7] , have been observed after cisplatin treatment both in vivo and in vitro. Since damaged or dysfunctional mitochondria contribute to CIPN, elimination of these impaired organelles may protect against CIPN.
Mitophagy is selective removal of defective mitochondria through autophagy and plays a crucial role in the preservation of a healthy pool of mitochondria for cellular homeostasis. Autophagy and mitophagy use similar molecular pathways to form autophagosomes and autolysosomes [10, 11] . The PINK1/Parkin pathway, the most well-documented mitophagy-specific signaling cascade, can initiate recruitment of autophagy machinery and facilitate engulfment of damaged mitochondria into autophagosomes [12, 13] . Mitophagy impairment is linked to aging and pathological conditions, such as neurodegenerative diseases, inflammation, and cancer [14] . Recent studies show that PINK1/Parkin-mediated mitophagy may protect against cisplatin-induced kidney injury [15, 16] . Whether mitophagy can be activated to prevent CIPN is unknown. It is clear that the effect of mitophagy on disease progress is complex and depends on both the cell and disease. The purpose of this study was to determine mitophagy status, and its effects on mitochondrial function and cell apoptosis, after cisplatin treatment using an in vitro model of cisplatin-induced neurotoxicity [17] . These data provide an increased understanding of PINK1/Parkin-mediated mitophagy related to the neurotoxicity of cisplatin. We hope this study can provide a potential new avenue for treatment of CIPN.
Material and Methods

Cell culture
Rat pheochromocytoma PC12 cells (Shanghai Institute of Biochemistry and Cell Biology, CAS) were maintained following standard protocol [18] in RPMI 1640 liquid medium containing 10% heat-inactivated horse serum, 5% heat-inactivated fetal bovine serum, and a 1% penicillin-streptomycin mixture and kept in a humidified incubator with 95% air and 5% CO 2 at 37°C (Thermo Electron Co.). PC12 cells were subcultured at a confluence of 70-80% and used at the 3 rd to 10 th passage, with the medium refreshed every 3-4 days.
Transfections
PC12 cells were transfected with Parkin overexpression plasmids or an empty expression vector (Hanbio Biotechnology, China) using lentiviral particles [19] . We transfected Parkin siRNA (Target sequence: 5' AGTCGGAACATCACTTGCA 3') and scrambled control siRNA (Ribobio, China) into cells using Lipofectamine 3000™ (Life Technologies, USA) [19] according to the manufacturer's instructions, and confirmed transfection by qPCR within 48 h following cell harvest. Cells transfected with the empty vector and control siRNA were used as negative controls, along with untransformed cells. PC12 cells were cultured for at least 24 h after transfections and then exposed to 10 μM cisplatin (KeyGEN, KGR0036, China) for 24 h; these prepared cells were then used in subsequent experiments.
Western blotting
Western blotting was performed as previously described [20] . Prepared cells were rinsed twice with cold PBS and lysed in lysis buffer. Equivalent protein was resolved on 10-12% polyacrylamide gels by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) blotting membranes by an electrophoretic transfer system with cold-block (Bio-Rad Laboratories, CA). Membranes were blocked using nonfat milk in TBST at room temperature for 1.5 h and sequentially incubated overnight at 4°C with the appropriate primary antibodies according to experimental requirements. The primary antibodies were diluted as follows: Parkin (Abcam, ab77924, 1: 200); PINK1 (Abcam, ab23707, 1: 1000); Beclin-1 (Boster Biological, PB0014, 1: 500); LC3 (Abcam, ab192890, 1: 800); and b-actin (Abcam, ab207612, 1: 2000). Diluted antibodies were then incubated with secondary antibodies of goat anti-rabbit IgG-HRP (Abcam, ab6721, 1: 3500) or goat anti-mouse IgG-HRP (Abbkine, A21010-1, 1: 2000) at room temperature for 1 h. Immuno-reactive bands were visualized using chemiluminescence and analyzed by Gel-Pro 32 (Li-Cor Bioscience, USA).
Mitophagy detection
Prepared PC12 cells were seeded at a density of 1×10 5 in 35-mm cell culture dishes coated with poly-L-lysine (Corning, USA). After 24 h incubation for adhesion, cells were treated with 10 μM cisplatin diluted in PC12 cell medium or vehicle control for 24 h. Lyso-Tracker Green and Mito-Tracker Red staining were used for determining colocalization of mitochondria and lysosomes, as previously described [21] . Cells were harvested and washed twice, co-incubated in the dark at 37°C for 30 min with 50 nM Lyso-Tracker Green (LTG; KeyGEN Biotech, China) and Mito-Tracker Red (MTR; KeyGEN Biotech, China), and then washed again before mounting in fluorescence mounting medium for rapid detection using a confocal microscope (Carl Zeiss, Germany). Five fields of cells (each containing at least 2 transfected cells) were randomly selected and Pearson's correlation coefficients for numbers of mitochondria (Red fluorescence) and lysosomes (Green fluorescence) were generated using Image-Pro Plus version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).
Autophagic flux monitoring
As mitophagy is a dynamic process, we evaluated the autophagic flux of cisplatin-induced mitophagy using an mRFP-GFP-LC3 tandem construct [22] . Early in the autophagic process, yellow fluorescent dots (GFP + RFP + ) in the cytoplasm indicate recruitment of LC3 proteins to autophagosomes. At the late phase (fusion of autophagosomes with lysosomes), the low pH of the lysosome can reduce the GFP fluorescent signal, while the mRFP (GFP -RFP + ) signal remains strong [23] . PC12 cells were transfected by mRFP-GFP-LC3B adenovirus with polybrene at a multiplicity of infection (MOI)=30 and incubated for 36 h. Cells treated with 10 μM cisplatin for 24 h were washed twice with 10 mM of PBS, then fixed with 4% paraformaldehyde for 30 min at room temperature and sealed with 50% glycerin/PBS. Imaging of LC3B expression was done with a confocal microscope (Carl Zeiss, Germany). The number of yellow (GFP + RFP + ) and red (GFP -RFP + ) mRFP-GFP-LC3 puncta were quantified using Image-Pro Plus version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA) to assess autophagic flux.
Mitochondrial membrane potential change assay
Mitochondrial membrane potential was tested using the JC-1 mitochondrial membrane potential detection kit (KeyGEN, KGA602, China). Aggregated JC-1 emits red fluorescence, whereas the monomorphic form emits green fluorescence. In impaired mitochondria, with a depolarized mitochondria membrane potential, most JC-1 is in monomeric form, giving a low red-to-green fluorescence ratio [24] . Pretreated PC12 cells were washed and incubated with JC-1 (2 μg/ml) for 15 min at 37°C following the manufacturer's instructions. Immediately after washing cells twice with incubation buffer, cell fluorescence emission was measured using a flow cytometer (Merck, Amnis Flowsight, USA).
ATP assay
Intracellular ATP levels were measured in prepared cells using a luciferase-based assay [25] with a commercial ATP detection kit (Beyotime, China) following the manufacturer's protocol. ATP values were calculated based on a standard curve of known ATP concentrations prepared daily. ATP content is given as nmol/10 5 cells.
Detection of mitochondrial ROS
Mitochondrial ROS level was measured by the fluorometric assay, as previously described [26] . Prepared PC12 cells seeded in 96-well microplates (10 6 cells/well) were incubated with MitoSOX red reagent (Invitrogen, M36008, USA) at a concentration of 4 μM in the dark at 37°C for 10 min. Cells were then washed twice with warm PBS. The ROS level was identified using a SpectraMax M5e Multi-Mode microplate reader (Molecular Devices, USA).
Annexin V-APC/7-AAD apoptosis assay
Apoptosis of PC12 cells was determined with an apoptosis detection kit (KeyGEN, KGA104, China) [27] . Prepared cells (6×10 6 ) were seeded in 6-cm dishes coated with poly-L-lysine (Corning, USA) and treated with 10 μM cisplatin for 24 h. After 24 h incubation, cells were harvested for apoptosis detection. Cells were washed twice with PBS and then re-suspended in binding buffer. Following standard protocol, cells were subsequently stained with 5 μl annexin V-APC and 5 μl 7-AAD at room temperature in the dark for 20 min. The apoptosis ratio was evaluated via flow cytometry within 1 h (Merck, Amnis Flowsight, USA). Early apoptotic (Annexin V + /7-AAD -) and late apoptotic cells (Annexin V + /7-AAD + ) were considered as apoptotic cells.
Determination of the neuritic length and nuclear diameter in PC12 cells
The detection of average neuritic length and nuclear diameter was carried out as previously described elsewhere [28] . PC12 cells after cisplatin treatment were seeded in 12-well plates coated with poly-L-lysine (Corning, USA). After cisplatin treatment, cells were fixed in 4% paraformaldehyde and assessed by phase-contrast microscope (Olympus Model IX51, Japan, 200×magnification). For nuclear diameter evaluation, cells were stained with Hoechst 33342 dye. The neuritic length and nuclear diameter were identified using Image-Pro Plus version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA). Three non-overlapped micrographs were randomly captured from each group, and the average neuritic length (μm) and nuclear diameter (μm) were calculated from 30 neurites and 30 nuclei, respectively.
Statistical analyses
Data are given as the mean±standard deviation (SD). A t test or one-way ANOVA followed by Tukey's multiple comparison tests were performed to compare the differences between groups. All analyses were carried out using SPSS v.19 (SPSS, Inc., Chicago, IL, USA). P values of less than 0.05 were considered statistically significant.
Results
Cisplatin induced PINK1/Parkin-mediated mitophagy
Mitophagy shares many characteristic pathways with autophagy. Beclin-1 and microtubule-associated protein 1 light chain 3 (LC3) as critical autophagy proteins have been reported to be involved in the initiation of mitophagy [29] and to promote the expansion of isolation membranes around the mitochondrion [12] . Thus, we used their relative levels to assess whether cisplatin activates mitophagy in PC12 cells. Western blot analysis indicated that the LC3-II to LC3-I ratio and Beclin-1 expression were increased in cisplatin-treated PC12 cells compared to the control group ( Figure 1A-1D ). Next, we used MTR and LTG to co-stain PC12 cells and evaluated the colocalization of mitochondria and lysosomes by confocal microscopy. The correlation coefficient of red dots (mitochondria) to green dots (lysosomes) in cisplatin-treated cells was 0.52±0.02 compared with 0.39±0.06 in control cells ( Figure 1E, 1F ). These observations indicate that cisplatin induces mitophagy.
Mitophagy regulated by the PINK1/Parkin pathway is involved in multiple pathological contexts. We next investigated whether cisplatin-induced mitophagy in PC12 is mediated through the PINK1/Parkin pathway. PINK1 and Parkin expression was significantly increased in cisplatin-treated cells ( Figure 1A-1D ). To further confirm this result, we silenced and overexpressed Parkin in PC12 cells before treatment with cisplatin. As shown in Figure 1C and 1D, Parkin siRNA reduced the levels of PINK1, Parkin, LC3-II/LC3-I, and Beclin-1 in cisplatinexposed cells. Moreover, the colocalization of LTG (lysosomes) and MTR (mitochondria) decreased in those cells, with a colocalization coefficient of 0.47±0.02 compared to 0.56±0.01 in the scramble group (Figure 2A, 2B) . Conversely, overexpression of Parkin led to increased expressions of PINK1, Parkin, LC3-II/LC3-I, and Beclin-1 compared to non-Parkin-transfected cells ( Figure 1C, 1D ). Overexpressed Parkin in the cisplatintreated cells also increased the colocalization of LTG (lysosomes) and MTR (mitochondria), with a coefficient of 0.64±0.03 ( Figure 1E , F). These observations suggest that knockdown of Parkin suppresses cisplatin-induced mitophagy, whereas overexpression of Parkin promotes this process.
Cisplatin inhibited autophagy flux in PC12 cells
Stress conditions that activate autophagy sometimes result in defects of the autophagy process [30] . To elucidate whether the neurotoxic role of cisplatin in PC12 cells depends on the interference of the autophagy flux, we assessed the autophagic flux in cisplatin-treated cells. In the autophagic flux assay, cells treated with cisplatin had fewer red puncta than yellow puncta (Figure 2A, 2B) , indicating that most LC3 puncta were autophagosomes. In siParkin-transfected cells, yellow (GFP + RFP + ) puncta accumulation was lower compared to vehicle-transfected cells (Figure 2A, 2B) . Consistent with the Western blot and colocalization results, Parkin overexpression led to an increased number of red (GFP -RFP + ) and yellow (GFP + RFP + ) puncta, with more red (GFP -RFP + ) puncta present in cells (Figure 2A, 2B) . Collectively, these results imply that cisplatin initiates mitophagy but suppresses the terminal stage of the autophagic process, and Parkin overexpression partly restores autophagy flux.
The effects of PINK1/Parkin-mediated mitophagy on cisplatin-induced mitochondrial dysfunction
To evaluate the role of mitophagy in cisplatin-induced mitochondrial dysfunction, we measured mitochondrial membrane potential, cellular ATP level, and mitochondrial ROS generation. In the presence of 10 μM cisplatin, cells had decreased mitochondrial membrane potential ( Figure 3A, 3B ) and deficits of cellular ATP ( Figure 3C ). Knockdown of Parkin in PC12 cells further aggravated the cisplatin-induced depolarization of mitochondria ( Figure 3A , 3B) and decreased cellular ATP level ( Figure 3C ). In contrast, we found significant increases in mitochondrial membrane potential ( Figure 3A , 3B) and cellular ATP concentration in Parkin-transfected cisplatin cells ( Figure 3C ). Exposure to cisplatin significantly increased ROS formation by 3.3-fold compared with the control (Figure 3D ). Following Parkin knockdown, the level of mitochondrial ROS increased by approximately 22% compared with vehicle-transfected cells ( Figure 3D ), while Parkin-overexpressed cells had a lower ROS generation compared with the vector group ( Figure 3D) . These results suggest that PINK1/Parkin-mediated mitophagy exerts a protective effect on cisplatin-induced mitochondrial dysfunction in PC12 cells, and Parkin overexpression can further enhance this effect.
The effects of PINK1/Parkin-mediated mitophagy on cisplatin-induced PC12 cell damage PINK1/Parkin-mediated mitophagy plays a protective role against cisplatin-induced mitochondria damage in PC12 cells; therefore, we investigated whether PINK1/Parkin-mediated mitophagy can alleviate cisplatin neurotoxicity. We measured neuritic length, nuclear diameter, and apoptosis rate in cisplatin-treated PC12 cells. Compared with the control cells, treatment with cisplatin significantly decreased the neuritic length and nuclear diameter ( Figure 4A, 4B) . Parkin knockdown resulted in further neuritic shortening and nuclear diameter size reduction in cisplatin-exposed cells, while Parkin overexpression markedly increased the average neuritic length and nuclear diameter compared with control vector cells ( Figure 4A, 4B ).
We also examined whether mitophagy could rescue cell death associated with cisplatin treatment. Cell death was measured by Annexin V-APC/7-AAD apoptosis assay with flow cytometric analysis. As revealed in Figure 4C and 4D, 10-μM cisplatin exposure significantly increased the apoptotic rate by 7.7-fold compared with the control (Cisplatin, 22.3±2.0% versus Control, 2.89±0.2%). The level of apoptosis increased by approximately 17% in Parkin knockdown cells compared with vehicle-transfected cells (siParkin, 30.6±1.85% versus Scramble 25.4±1.0%) ( Figure 4C, 4D) . On the contrary, Parkin-overexpressing cells exhibited a lower apoptotic rate (Parkin, 15.4±0.7% versus Vector 25.66±0.6%) ( Figure 4C, 4D) . Similar to what we saw in mitochondrial dysfunction, PINK1/Parkin-mediated mitophagy exerted protection in PC12 cells against cisplatin-induced neurotoxicity and apoptosis. 
Discussion
Mitophagy is a selective form of autophagy that clears unwanted or damaged mitochondria. PINK1/Parkin-mediated mitophagy induction and its protective effect are well-established in cisplatin nephrotoxicity [15, 16] . However, little is known about the effect of mitophagy in cisplatin neurotoxicity. In this study, we presented findings that provide new insights into the underlying mechanism of CIPN and possible prevention strategies. We showed that cisplatin activates PINK1/Parkin-mediated mitophagy in PC12 cells. Moreover, cisplatin impedes autophagosome maturation into autolysosomes, and Parkin overexpression partially restores autophagic flux. Finally, we found that mitophagy inhibition aggravates cisplatin effects, while mitophagy enhancement improves mitochondrial and neuronal cell health, as well as apoptosis of cisplatin-damaged cells. From these results, we can conclude that PINK1/Parkin-mediated mitophagy prevents neurotoxicity in PC12 cells treated with cisplatin. Notably, an impaired autophagy process might be responsible for cisplatin-induced neurotoxicity.
In mammalian cells, the depolarization of mitochondria activates PINK1/Parkin-mediated mitophagy [31] . The collapsed mitochondrial transmembrane potential promotes PINK1 stabilization on the outer mitochondrial membrane, where PINK1 recruits and activates Parkin by phosphorylating its ubiquitinlike domain. Once Parkin is at the mitochondria, it ubiquitinates several different mitochondrial proteins that then serve as signals, facilitating the recruitment of autophagy receptors for informing autolysosomes [12] . In the current study, we found depolarization of mitochondria occurs in cisplatin-treated PC12 cells. Furthermore, detection of autophagic markers, 8804 mitochondria-lysosomes colocalization, and expressions of PINK1 and Parkin increased in cisplatin-treated cells, but decreased in Parkin-knockdown cisplatin cells, suggesting cisplatin activates PINK1/Parkin-mediated mitophagy in PC12 cells.
The PINK1/Parkin-mediated mitophagy pathway has been identified as a paradigm for clearing dysfunctional mitochondria in mammalian cells [32] . Our work shows that PINK1/Parkin-mediated mitophagy can protect against cisplatin-induced neurotoxicity, indicating that the PINK1/Parkin pathway is a common pathway of mitophagy, protecting against cisplatin-induced neurotoxicity and nephrotoxicity. Not all mitophagy processes work through the PINK1/Parkin pathway, however, as PINK1/Parkin-independent mitophagy is also involved in the elimination of dysfunctional mitochondria in neurons. For example, Nip3-like protein X can restore mitophagy and mitochondrial function in neurons and fibroblasts with deficient PINK1/Parkin [33, 34] . Whether PINK1/Parkin-independent pathways participate in cisplatin-induced mitophagy in neurons, and their effects on cisplatin neurotoxicity, requires further investigation.
As a form of selective autophagy, mitophagy utilizes machinery extensively similar to that used in autophagy to form autophagosomes and autolysosomes [10, 11] . Thus, autophagic flux can accurately represent the mitophagy process. In cisplatin-treated PC12 cells, we observed increased autophagosome synthesis and a higher accumulation of autophagosomes than autolysosomes, indicating cisplatin activates autophagy/mitophagy but blocks its late stage. The formation of autophagosomes is an energy-consuming process. When autophagosome-lysosome fusion is defective, excessive autophagosomes synthesis is ineffective in mitophagy and neurons, resulting in further decreased energy and nutrition. Additionally, non-fused autophagosomes ultimately result in the accumulation of cisplatin-damaged mitochondria. These defective mitochondria cannot produce sufficient energy, which in turn becomes a source of cellular ROS. These excessive ROS cause the activation of apoptotic pathways [5] and are related to direct damage to neuronal components, thereby exerting neurotoxicity. Our results using Parkin-overexpressed cells support this idea, as overexpression of Parkin restored autophagy flux and consequently stabilized mitochondrial networks and decreased apoptosis, which further alleviated neuronal damage. However, at present, we do not know how Parkin is involved in autophagosome-lysosome fusion, as neither of the identified Parkin substrates is known to affect this process [12] . On the other hand, a previous report suggests that mitochondrial impairments elicit disruption of lysosomal activity in neurons, and this results in inhibition of autophagy flux [35] . Parkin directly improves mitochondrial function by keeping mtDNA from oxidative damage and stimulating mtDNA repair [36] . We hypothesize that Parkin restores the autophagy flux by improving mitochondrial function and thus promoting lysosomal activity. Taken together, these results suggest that cisplatin impairment of the autophagy/mitophagy process may be a potential mechanism underlying cisplatin-induced neurotoxicity and the therapeutic benefit of enhancing mitophagy to treat CIPN.
One possible mechanism to account for the effects of cisplatin on autophagic flux stems from the ability of cisplatin to deplete the activity of various enzymes and receptors. Previous studies showed that cisplatin leads to conformational changes of ubiquitin [37] , which may suppress the ubiquitin-proteasome pathway. Furthermore, cisplatin can damage neuronal DNA and inhibit DNA replication and transcription through the formation of platinum adducts with both nuclear and mitochondrial DNA [1, 8] . Therefore, we hypothesize that triggered by the cisplatin toxicity, proteins from different protein complexes that participate in autophagosome-lysosome fusion are susceptible to cisplatin toxicity, thus blocking autophagic flux. Malfunctional lysosomes may be another candidate contributor, as the lysosomal membrane is severely damaged after cisplatin treatment [38] . The mechanism of cisplatin-inhibited autophagic flux is clearly a multifactorial phenomenon that needs further research.
Our study has certain limitations. First, we explored a single concentration of cisplatin and a single time-point after cisplatin treatment, and whether the observed effects of Parkin on mitophagy and apoptosis are temporary or permanent is not known. In addition, we used a pheochromocytoma-derived cell line that may not adequately represent the mitophagy and neuronal death related to cisplatin effects when used in chemotherapy. Further studies in primary neurons or in vivo are required to explore this.
Mitochondrial dysfunction is involved in the pathogenesis of CIPN. PINK1/Parkin-mediated mitophagy may be an initial compensatory mechanism to eliminate damaged mitochondria. However, incomplete mitophagy is detrimental because neurons depend on mitochondrial respiration [39] , and the effects of impaired mitochondria are not diluted through cell division. Instead, further damage will occur to mitochondria and other cellular components, resulting in ever-increasing impairment of neuronal functions and, ultimately, peripheral neuropathy.
Conclusions
Our work reveals that PINK1/Parkin-mediated mitophagy can be induced by cisplatin exposure in PC12 cells and plays a protective role in limiting mitochondrial dysfunction and cell apoptosis. These findings also indicate that the accumulation of dysfunctional mitochondria caused by cisplatin-impeded mitophagy may be responsible for cisplatin-induced neurotoxicity.
Moreover, our results demonstrate that therapeutic enhancement of mitophagy is a potential target of peripheral neuropathies associated with cisplatin.
